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Abstract
We investigate the building of models with Dirac gauginos and perturbative gauge
coupling unification. Here, in contrast to the MSSM, additional fields are required for
unification, and these can naturally play the role of the messengers of supersymmetry
breaking. We present a framework within which such models can be constructed,
including the constraints that the messenger sector must satisfy; and the renormali-
sation group equations for the soft parameters, which differ from those of the MSSM.
For illustration, we provide the spectrum at the electroweak scale for explicit models
whose gauge couplings unify at the scale predicted by heterotic strings.
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1 Introduction
The Large Hadron Collider (LHC) will soon investigate the terascale energy frontier
and search for new interactions and particles. These are predicted by many extensions
of the Standard Model, and in particular supersymmetric ones predict the existence
of many new particles. The existence of supersymmetry can be related to the issue
of unification of known interactions. From the top-down approach, supersymmetry
seems to be an important ingredient in models of quantum gravity such as string
theory. From the bottom-up approach, it allows to address the problem of the large
hierarchy of between the electroweak and the fundamental (quantum gravity) scale.
The possibility of unifying all interactions can then be considered as an important
issue in model building of supersymmetric extensions of the Standard Model.
The prediction of unification of the gauge couplings at scale MU ∼ 2 · 1016 GeV,
compatible with a GUT structure, can be considered as one of the main successes of
the Minimal Supersymmetric Standard Model (MSSM) [1]. It is based on the assump-
tion that no new states carrying Standard Model gauge quantum numbers lies between
the electroweak and unification scales. This desert scenario is abandoned when the
origin of the MSSM soft masses is investigated. For instance, if they are explained as
being due to gauge mediation [2] (for a review, see for example [3]), messenger states
carrying SU(3)×SU(2)×U(1)Y charges are introduced at intermediate energies and
modify the running of the gauge couplings. Unless an additional constraint is im-
posed, requiring that the messengers are chosen in suitable representations (such as
complete SU(5) multiplets), unification is lost.
Upon the discovery of new fermions, the question of their nature, Dirac or Majo-
rana, can be raised. It is then legitimate to ask about the possible existence of models
with Dirac gaugino masses, and if so, investigate their main features. To allow such
masses, the MSSM needs to be extended by extra adjoint representations, which we
denote as DG-adjoints, that couple to the gauginos. The possibility of building such
models has attracted some interest in the past (see for example [4–15]). A substantial
motivation for such models is that, in contrast to Majorana gauginos, the super-
symmetry breaking sector can preserve R-symmetry, allowing for a wider variety of
breaking scenarios; we shall also assume this feature here.
Here, we shall investigate the issue of their compatibility with gauge coupling
unification. In fact, except for the case of the U(1)Y bino, where the DG-adjoint is
just a singlet superfield (that could be identified with a generic modulus field [14]),
since the DG-adjoints are introduced at the electroweak scale, they will drastically
modify the running of the gauge couplings. Moreover, the running of the couplings is
also modified by the messengers introduced in order to induce the right soft masses
in the framework [12] which extends generalized gauge mediation [16]. In this work,
we will show that the situation of models of Dirac gauginos can be improved as the
messengers can restore unification. In contrast to the MSSM, the messengers are not
only allowed but needed for unification.
One of the main problems in models with DG-adjoints is the tendency to create
a Landau pole at an intermediate scale. In fact, the colour octet makes the SU(3)
coupling no longer asymptotically free, and any new coloured states will make it grow
quickly in the UV. In order to avoid a Landau pole, we need to make the messenger
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masses as heavy as possible. On the other hand, it is this messenger scale that appears
to suppress the induced soft-masses, and to obtain sizable values for the latter, we need
to keep the messengers light. We find that the best way to resolve this tension is to
take the messenger masses to be intermediate between the unification and electroweak
scales, and to use a combination of both D and F terms to generate the soft masses,
the gaugino masses being dominated by the effect of the first, while the MSSM scalar
masses are dominated by the effect of the second.
In section 2, we will describe the content and the interactions in our minimal
supersymmetric extension of the Standard Model with Dirac gauginos, which we
denote DG-MSSM. We will exhibit the structure of the effective Lagrangian at the
electroweak scale and point out the main differences with the MSSM, in particular the
presence of the so called “non-standard” supersymmetry breaking terms. These arise
in combinations that make them (super)-soft [4, 5, 8]. An important issue is the fate
of R-symmetry that is preserved by the soft terms explicitly computed. Since it is a
global symmetry so must therefore be broken, and moreover a generalisation of chiral
symmetry, we consider it to be natural that it is broken in the Higgs sector. However,
although we discuss some interesting possibilities in section 2.4, we postpone to future
work a comprehensive investigation of the Higgs sector, and instead in common with
many other gauge mediation models introduce explicit µ and Bµ terms. In order to
obtain explicit examples for the spectrum at the electroweak scale, we assume that
these are generated by some unspecified additional mechanism and keep their values
small, such that if the same source generates R-symmetry breaking Majorana masses
for the gauginos, these remain sub-leading.
The messenger sector is discussed In section 3. We introduce a superpotential
describing the couplings of the messengers to the visible sector fields, as well as their
couplings to the spurion fields that parametrise the breaking of supersymmetry by
an unspecified secluded sector. We discuss the generic formulae for the soft masses
induced either by D-term, or by R-symmetric F -terms. If in both cases R-symmetry
is supposed to be preserved at the leading order, no Majorana masses are generated
for the gauginos. The corresponding constraint on the superpotential parameters is
given in section 4. This section also summarizes many other constraints on the model’s
high energy parameters. Because of the high values needed for the messenger masses
as well as for the F and D terms, quite severe constraints on the model parameters
arise in order to avoid tadpoles and generation of tachyonic masses for the adjoint
scalars. We list these constraints in section 4.
Because the messengers are quite heavy, the running of the induced soft-terms
from the messenger scale down to the electroweak scale is very important and should
be taken into account at leading order. The generic formulae for the evolution of the
couplings, the standard and non-standard soft terms are available in the literature
[17–19], and can be implemented for the specific case of the DG-MSSM. These are
presented in section 5 and for more general models (allowing R-symmetry breaking
terms) in appendix A. The main observation is that the Dirac gaugino masses do not
contribute to the one-loop running of the MSSM scalar masses other than the Higgs,
in contrast to the Majorana ones which contribute to all.
The unification of Standard Model gauge couplings is illustrated in section 6. We
deliberately choose the unification scale to match the heterotic string prediction [20],
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which allows unification of all known interactions. With our choice of messengers,
explicit models can be constructed. Some examples of spectra are given in section 7.
We have taken very close or equal values for F and D terms, and chosen specific forms
for the messenger couplings that forbid the presence of tachyonic adjoint scalars. The
latter turn out to be the heaviest states of the models. For two of our examples they
are out of LHC reach, and the DG-MSSM would appear as the MSSM in disguise.
The third example has scalar gluon partners (sgluon) that can be produced at the
LHC. In all cases, the F terms used, with the assumption of minimal supergravity
couplings would imply a gravitino mass of order 1 GeV. As we are working in a global
supersymmetric limit, we do not have explicit assumptions for the Ka¨hler potential,
or other F terms, but these could lead to sequestered supergravity effects and might
give a heavier mass for the gravitino.
2 The Model at Low Energies
The particle content of the model is presented in table 1 where one sees that in order
to allow Dirac masses for the gauginos, the usual MSSM content is extended by states
in the adjoint representations, the “DG-adjoints” :
S = S +
√
2θχS + · · · (2.1)
T = T +
√
2θχT + · · · (2.2)
Og = Og +
√
2θχg + · · · (2.3)
where S = 1√
2
(SP +iSM ) is a singlet and T =
∑
a=1,2,3 T
(a) an SU(2) triplet. We also
listed the messenger states and the spurions as source of supersymmetry breaking.
In addition to the content in the table there is a “hidden sector” responsible for the
generation of the corresponding D, F or both terms in order to break supersymmetry.
For the purpose of this paper we assume that it is possible to parametrize their effects
just through the spurion couplings. Note also the absence of right-handed neutrinos
in table 1; we shall not discuss neutrino masses in this work.
After integrating out the messengers, the low energy effective Lagrangian can be
written as:
Lobservable = LSUSY + LBreaking (2.4)
The model has soft terms that are not usually considered in the MSSM. In fact, the
supersymmetry breaking part can be split as
LBreaking = LStandardBreaking + LNon−standardBreaking (2.5)
where the standard part contains terms of the type:
−LStandardBreaking = (m2)jiφiφj + (
1
6
aijkφiφjφk +
1
2
bijφiφj +
1
2
Maλaλa + h.c.) (2.6)
Here lowered indices are components from chiral superfields, and φi = φ†i . But there
are additional non-standard terms that may also be soft:
− LNon−standardBreaking = tiφi +
1
2
rjki φ
iφjφk +m
ia
Dψiλa + h.c. (2.7)
We shall discuss below all these terms. We will always assume R-parity conservation.
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Names Spin 0 Spin 1/2 Spin 1 (SU(3), SU(2), U(1)Y )
Quarks Q Q˜ = (u˜L, d˜L) (uL, dL) (3, 2, 1/6)
uc u˜cL u
c
L (3, 1, -2/3)
(×3 families) dc d˜cL ucL (3, 1, 1/3)
Leptons L (ν˜eL,e˜L) (νeL, eL) (1, 2, -1/2)
(×3 families) ec e˜cL ecL (1, 1, 1)
Higgs Hu (H
+
u , H
0
u) (H˜
+
u , H˜
0
u) (1, 2, 1/2)
Hd (H
0
d , H
−
d ) (H˜
0
d , H˜
−
d ) (1, 2, -1/2)
Gluons W3α λ3α g (8, 1, 0)
[≡ g˜α]
W W2α λ2α W
±,W 0 (1, 3, 0)
[≡ W˜±, W˜ 0]
B W1α λ1α B (1, 1, 0 )
[≡ B˜]
DG-octet Og Og χg (8, 1, 0)
[≡ Σ3] [≡ Σ3] [≡ g˜′]
DG-triplet T {T 0, T±} {χ0T , χ±T } (1,3, 0 )
[≡ Σ2] [≡ Σ2] [≡ {W˜ ′±, W˜ ′0}]
DG-singlet S S χS (1, 1, 0 )
[≡ Σ1] [≡ Σ1] [≡ B˜′]
Mass(GeV)
1013 Qi3 (×2) (3, 1, 1/2)
Q˜i3(×2) (3, 1, -1/2)
1.3 1013 Qi2 (×4 ) (1, 2, 1/2)
Q˜i2 (×4 ) (1, 2, -1/2)
3 1012 Qi1 (×4 ) (1, 1, 1)
Q˜i1(×4 ) (1, 1, -1)
Auxiliary
U(1)’ W′α D
Spurion X F
Table 1: Chiral and gauge multiplet fields in the model.
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2.1 The supersymmetric terms
The supersymmetric part of the Lagrangian can be split into four parts:
Lobservable = Lgauge +
(∫
d2θ [WY ukawa +WHiggs +WAdjoint] + h.c.
)
. (2.8)
The first contains the gauge interactions:
Lgauge =
∫
d2θ [
1
4
Wα1W1α +
1
2
tr(Wα2W2α) +
1
2
tr(Wα3W3α)] + h.c.
+
∫
d2θd2θ¯ (
∑
ij
Φ
†
ie
gjVjΦi + h.c.) (2.9)
where Vj are the vector and Wjα the corresponding field strength superfields asso-
ciated to U(1)Y , SU(2) and SU(3) for j = 1, 2, 3 respectively.
The second part contains the Yukawa superpotential for the MSSM matter fields:
WY ukawa = Y
ij
U Qi ·Huucj + Y ijDQi ·Hddcj + Y ijE Li ·Hdecj
where the bold characters denote superfields. Here, i, j are family indices and run
from 1 to 3. The 3× 3 Y matrices are the Yukawa couplings. The “·” denotes SU(2)
invariant couplings, for example: Q ·Hu = u˜LH0u − d˜LH+u .
The DG-adjoints modify the Higgs superpotential, since new relevant and marginal
operators are now allowed:
WHiggs =µHu ·Hd + λSSHd ·Hu + 2λTHd ·THu (2.10)
with the definitionHu ·Hd = H+u H−d −H0uH0d . Note that if there is an N = 2 extension
of the gauge sector at some scale (such as the GUT scale), and if the Higgs multiplets
Hu and Hd form an N = 2 hypermultiplet then λS and λT are related to the gauge
couplings, at the N = 2 scale, by:
λS =
√
2gY
1
2
, λT =
√
2g2
1
2
, (2.11)
where gY and g2 are the U(1)Y and SU(2) gauge couplings respectively. The factor
1/2 in λS arises from the U(1)Y charge of the Higgs doublets.
Finally, the most general renormalisable superpotential involving only adjoint
fields is
WAdjoint =LS+
MS
2
S2 +
κS
3
S3 +MT tr(TT) + λSTStr(TT)
+MOtr(OO) + λSOStr(OO) +
κO
3
tr(OOO). (2.12)
Note there are no terms tr(T), tr(O), tr(TTT) since these vanish by gauge invariance.
The dimensionful quantities L,MS ,MT and MO, in particular if they are assumed to
take values of order of the electroweak scale, potentially introduce an issue of scale
hierarchy in the same way as the Higgs µ-term. As we shall briefly discuss in section
4.1, the supersymmetric masses could be generated by loops.
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We shall generally be assuming (or, in the case of the masses, ensuring) that all
of the terms in WAdjoint vanish; this is because in order to preserve R-symmetry with
Dirac gaugino masses the adjoint superfields must have R-charge zero. Alternatively
we could assume an underlying N = 2 supersymmetry at the GUT scale. However, it
is an interesting possibility (though not one that we shall exploit) that the only source
of R-symmetry breaking in the model is an explicit small dimensionless coupling
(such as κS) which would allow the supersymmetry breaking sector to preserve an
R-symmetry whilst allowing for the absence of an R-axion.
2.2 The standard soft terms
The supersymmetry breaking soft terms denoted as ”standard” can be separated
into four parts : (i) soft terms involving only the MSSM matter fields (ii) standard
terms for the DG-adjoint fields (iii) possible A-terms and (iv) (R-symmetry breaking)
Majorana gaugino masses:
− LStandardBreaking = −LMSSMsoft −∆LDG−Adjointsoft −∆LAsoft − LMajoranaGaugino (2.13)
where
−LMSSMsoft = Q˜†im2QijQ˜j + L˜
†
im
2
LijL˜j + u˜im
2
uij u˜
†
j + d˜im
2
dij d˜
†
j + e˜im
2
eij e˜
†
j
+AijU Q˜i ·Huu˜cj +AijDQ˜i ·Hdd˜cj +AijE L˜i ·Hde˜cj
+m2Hu |Hu|2 +m2Hd |Hd|2 +Bµ(Hu ·Hd + c.c.) (2.14)
and
−∆LDG−Adjointsoft = m2S |S|2 +
1
2
BS(S
2 + h.c.) + 2m2T tr(T
†T ) +BT (tr(TT ) + h.c.)
+2m2Otr(O
†O) +BO(tr(OO) + h.c.). (2.15)
The adjoint scalar A-terms (including the possible scalar tadpole) are given by
−∆LAsoft =ASλSSHd ·Hu + 2ATλTHd · THu + tSS +
1
3
κSAκSS
3
+ λSTASTStr(TT ) + λSOASOStr(OO) +
1
3
κOAκOtr(OOO)
+ h.c. (2.16)
However, to allow Dirac gauginos the only global symmetry that the adjoint field
may transform under is R-symmetry, since the gaugino must also tranform; if it is
preserved by the adjoint fields this excludes the AS , AT terms, and also, since it
requires λST = λSO = κO = 0 we will generically not generate AST , ASO, AκO terms.
Finally
LMajoranaGaugino =
∫
d2θ [
1
4
M1W
α
1W1α +
1
2
M2tr(W
α
2W2α) +
1
2
M3tr(W
α
3W3α) ] (2.17)
where we have introduced spurion superfields to take into account the possibility of
Majorana gaugino masses:
Mi = 2θθMi (2.18)
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which require R-symmetry breaking. Unless stated otherwise, we will take
Mi = 0 (2.19)
2.3 The non-standard soft terms
The possible non-standard soft terms are
−LNon−standard =m1DχSλY + 2m2Dtr(χTλ2) + 2m3Dtr(χOλ3)
+ Q˜†ir
SQ˜j
Q˜i
SQ˜j + L˜
†
ir
SL˜j
L˜i
SL˜j + u˜jr
Su˜j
u˜i
Su˜†i + d˜jr
Sd˜j
d˜i
Sd˜†i + e˜jr
Se˜j
e˜i
Se˜†i
+ H˜u
†
rSH˜u
H˜u
SH˜u + H˜d
†
rSH˜d
H˜d
SH˜d
+ (Q˜†ir
TaQ˜j
Q˜i
TaQ˜j) + (L˜
†
ir
TaL˜j
L˜i
TaL˜j) + (H˜u
†
rTaH˜u
H˜u
TaH˜u) + (H˜d
†
rTaH˜d
H˜d
TaH˜d)
+ (Q˜†ir
OaQ˜j
Q˜i
OaQ˜j) + (u˜jr
Oau˜j
u˜i
Oau˜
†
i ) + (d˜jr
Oad˜j
d˜i
Oad˜
†
i )
+ rSSS S
†S2 + rT
aT b
S S
†tr(T aT b) + rST
a
T b Str((T
b)†T a) + rT
aT b
T c tr(T
aT b(T c)†)
+ rO
aOb
Oc tr((O
c)†OaOb) + rO
aOb
S S
†tr(OaOb) + rSO
a
Ob Str((O
b)†Oa)
+ h.c. (2.20)
This is a large number of new terms, but it transpires that in a model of Dirac gauginos
with spontaneously broken supersymmetry there are relations amongst them, as we
shall discuss.
The Dirac gaugino masses arise from the Lagrangian:
LDiracgaugino =
∫
d2θ [
√
2mα1DW1αS+ 2
√
2mα2Dtr(W2αT) + 2
√
2mα3Dtr(W3αOg) ]
+ h.c. (2.21)
where we have introduced spurion superfields to parametrize the generation of Dirac
gaugino masses:
mαiD = θαmiD. (2.22)
The non-standard soft terms must then all arise from the holomorhic term (2.21).
Integration on the spinor coordinates, and going on-shell, leads to Dirac masses as
well as new interactions∫
d2θ
√
2mDθ
αWαΣ ⊃ −mD(λψ) +
√
2mDΣD (2.23)
for U(1) gauginos (with D being the D-term of the gauge group), or∫
d2θ2
√
2mDθ
αtr(WαΣ) ⊃ −mD(λaψa) +
√
2mDΣaDa (2.24)
for SU(N). Then with Dab = −gbφ†iRab (i)φi (where Rab (i) is the ath generator of the
group b in the representation of field i, and RbY (i) = Y (i) for the hypercharge) we
find
L ⊃ −mbD
√
2gbΣaφ
†Rabφ (2.25)
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and thus for fields in the fundamental or antifundamental representations
riΣai = mbD
√
2gbR
a
b (i). (2.26)
Since these couplings come from a holomorphic term, this relation is preserved by the
renormalisation group running, which has been confirmed up to two loops [18]. We
also find that there are no couplings of the form rSSS , r
TT
T or r
OO
O because
Da ⊃ −ifabcΣb(Σ†)c → L ⊃ −imD
√
2gΣaΣb(Σ
†)cfabc = 0, (2.27)
and clearly no mixed terms rSTT , r
SO
O , r
TT
S , r
OO
S are generated.
Note also that there is a supersymmetric term that mimics rjki : y
jklµil; this
appears in the terms for the Higgs. For instance, from the F -term of Hu, |µHd +
λSSHd|2 which gives rise to λSµ∗H†dSHd.
Nonstandard soft supersymmetry breaking terms are often neglected and consid-
ered to be “hard” because they may generate quadratic divergences in tadpole terms.
Of course, if there are no gauge singlets in the model then these are absent, but
since we are considering Dirac gaugino masses then the U(1) adjoint is such a singlet.
However, if we break supersymmetry spontaneously, then the sum of all contribu-
tions to the quadratic divergences cancels; we can easily see this at one loop, since
the quadratic divergence is proportional to
∑
i r
Si
i , and provided that anomalies are
cancelled,
∑
i r
Si
i = mD
√
2gY
∑
i Yi = 0.
2.4 Higgs Sector and R Symmetry Breaking
Since our low energy theory contains adjoint fields with couplings to the Higgs sector,
we must examine how these affect the electroweak symmetry breaking. In fact, there
exist several possibilities for Higgs phenomenology differing from the MSSM, such as
• ✓µMSSM (MSSM without µ term) [8]. This requires a large λT (. 0.6) and low
Dirac Wino mass ∼ 100 GeV to allow sufficiently heavy charginos. R symme-
try is explicitly broken by a small Bµ term, possibly arising from gravitational
interactions.
• Along the lines of the NMSSM, requiring additional adjoint superpotential terms
and tachyonic soft mass for the singlet scalar S. Since in gauge mediation
the adjoint scalars are typically the heaviest states, of particular interest to us
would be the case of a heavy singlet with a small cubic superpotential coupling
W ⊃ κS3 S3. This term explicitly violates R symmetry, and thus this could be the
only source of R-breaking in the model. The singlet would obtain a large vev and
a large physical mass of −m2S , and so we could integrate it out, leaving effective
µ,Bµ-terms µ
2
eff =
−λ2Sm2S
2κ2
S
, Bµeff =
−m2SλS
2κS
. We could then take λS ∼ κS and
both couplings small.
However, we shall leave the realisation of these scenarios to future work, and instead
take a more conservative approach: as in [13], we shall consider models with all adjoint
scalar soft masses large and real, so that they can be integrated out; following [8] we
shall suppose that higher-dimension operators generate a small Bµ term, but we differ
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by also adding a µ term as necessary for electroweak symmetry breaking, as dictated
by the soft Higgs masses. We then obtain the MSSM supplemented by Dirac gaugino
masses and a modified Higgs potential.
Using the standard form of the Higgs potential
Veff = (m
2
Hu + µ
2)|Hu|2 + (m2Hd + µ2)|Hd|2 − [m212Hu ·Hd + h.c.]
+
1
2
[1
4
(g2 + g′2) + λ1
]
(|Hd|2)2 + 1
2
[1
4
(g2 + g′2) + λ2
]
(|Hu|2)2
+
[1
4
(g2 − g′2) + λ3
]|Hd|2|Hu|2 + [− 1
2
g2 + λ4
]
(Hd ·Hu)(H∗d ·H∗u)
+
(λ5
2
(Hd ·Hu)2 +
[
λ6|Hd|2 + λ7|Hu|2
]
(Hd ·Hu) + h.c.
)
, (2.28)
we find λ3 and λ4 have a tree level contribution, so we write λ3 = 2λ
2
T + λ
′
3, λ4 =
λ2S − λ2T + λ′4 where λ′3, λ′4 are the loop corrections to the potential. Then assuming
that BS , BT are small, λ
′
4 = λ5 = λ6 = λ7 = 0, and
λ1 ≈ 3
16pi2
y4b log
(
m2
b˜1
m2
b˜2
v4
)
+
5
16pi2
λ4T log
(
m2T
v2
)
+
1
16pi2
λ4S log
(
m2S
v2
)
− 1
16pi2
λ2Sλ
2
T
m2T −m2S
{
m2T [log
(
m2T
v2
)
− 1]−m2S[log
(
m2S
v2
)
− 1]
}
λ2 ≈ 3
16pi2
y4t log
(
m2
t˜1
m2
t˜2
m4t
)
+
5
16pi2
λ4T log
(
m2T
v2
)
+
1
16pi2
λ4S log
(
m2S
v2
)
− 1
16pi2
λ2Sλ
2
T
m2T −m2S
{
m2T [log
(
m2T
v2
)
− 1]−m2S[log
(
m2S
v2
)
− 1]
}
λ′3 ≈
5
32pi2
λ4T log
(
m2T
v2
)
+
1
32pi2
λ4S log
(
m2S
v2
)
+
1
32pi2
λ2Sλ
2
T
m2T −m2S
{
m2T [log
(
m2T
v2
)
− 1]−m2S[log
(
m2S
v2
)
− 1]
}
, (2.29)
where yt, yb are the top and bottom Yukawa couplings in the third-family dominant
approximation. This then gives us the minimisation conditions
µ2 =− M
2
Z
2
+
1
tan2 β − 1(m
2
Hd
+∆d − tan2 β(m2Hu +∆u))
m2
A˜
=− 2m
2
12
sin 2β
= m2Hu +m
2
Hu + 2µ
2 +
2(λ2S + λ
2
T )
g2Y + g
2
2
M2Z +∆u +∆d > 0, (2.30)
where for v ≃ 246 GeV, tan β = 〈Hu〉/〈Hd〉,
∆u ≡1
2
λ2v
2 sin2 β +
1
2
λ′3v
2 cos2 β
∆d ≡1
2
λ1v
2 cos2 β +
1
2
λ′3v
2 sin2 β. (2.31)
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We also have low energy corrections to the Higgs masses from integrating out the
heavy squarks
∆m2Hu ≈
1
16pi2
[
3|yt|2m2Q3 log
m2Q3
m2t
+ 3|yt|2m2U3 log
m2U3
m2t
+ λ2Sm
2
S log
m2S
v2
+ 3λ2Tm
2
T log
m2T
v2
]
∆m2Hd ≈
1
16pi2
[
3|yb|2m2Q3 log
m2Q3
v2
+ 3|yb|2m2D3 log
m2D3
v2
+ |yτ |2m2L3 log
m2L3
v2
+ |yτ |2m2E3 log
m2E3
v2
+ λ2Sm
2
S log
m2S
v2
+ 3λ2Tm
2
T log
m2T
v2
]
. (2.32)
2.4.1 T Parameter
As computed in [13], in a model where soft adjoint scalar masses are significantly
above the electroweak scale, the tree-level correction to the electroweak precision
variable T is
∆ρ ≃
[
v
(M2T +m
2
T + 4m
2
2D +BT )
]2
×
[
−gm2D cos 2β −
√
2µλT +
λT√
2
(MT +AT ) sin 2β
] ]2
, (2.33)
where ρ = 1+αT = 1.0004+0.0008−0.0004 [24] and v ≃ 246GeV. For our modelMT = AT = 0.
3 Gauge Mediated Soft Masses
In this section we shall disuss the generation of soft supersymmetry breaking masses
for the low energy theory in the previous section via gauge mediation. We shall assume
vector-like pairs of messengers Na×(Qia, Q˜ja) in the fundamental and antifundamen-
tal representations of group a with degenerate masses, and with hypercharges Ya,−Ya.
The couplings of the messengers to the adjoints Σa and the F -term spurionX (having
vev 〈X〉 = θ2F ) are
LMessF =
∫
d2θ[M (a)messtr(QiaQ˜ja)δij + λ
(ab)
ij
tr(QiaΣbQ˜ja) + κ
(a)
ij
tr(QiaQ˜ja)X]. (3.1)
Here λ
(ab)
ij
, κ
(a)
ij
are matrices with messenger family indices, that will be constrained
in the later sections. We shall assume that the choice of couplings is such that R-
symmetry is preserved (thus for example the F-term spurion X must have R-charge
2 and so cannot couple diagonally to the messengers, and all terms κ
(a)
ii
vanish).
The (only) partial degeneracy of the masses will be explained in later sections. We
shall consider first the contributions to soft masses by D terms, and then by F -terms.
We shall take as motivation the preservation of R-symmetry by the supersymmetry
breaking sector, and so shall not generate A or Bµ terms; rather we shall assume that
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R-symmetry is broken either by explicit operators from a higher-energy theory, or
explicit couplings in the visible sector, as discussed in section 2.4.
The messengers are assumed to carry charges e
(a)
i under a hidden U(1)
′ with
potentially non-vanishing D-term, which couples to the messenger scalars as:
LMessD = D[
∑
i,a
e
(a)
i tr(QiaQ
†
ia − Q˜iaQ˜†ia)]
≡ D[
∑
a
tr(Qiaeˆ
(a)
ij
Q†ja − Q˜iaeˆ(a)ij Q˜
†
ja)] (3.2)
and leads to messenger mass splittings. Here we have written D to denote the hidden
D-term, but note that this absorbs a factor of the hidden gauge coupling; this is
an unknown quantity, but we should bear in mind that the true supersymmetry
breaking scale is somewhat larger than this. Note also that we shall not insist that
the messenger couplings λ
(ab)
ij
respect the hidden U(1)′ symmetry; we shall suppose
that it is massive and that couplings that violate it are generated by expectation
values of other unspecified standard-model singlet fields.
3.1 D-terms
We first consider the case where the source of breaking is the D of a hidden (massive)
U(1). To allow Dirac gaugino masses it is not only permitted but required that there
are direct superpotential couplings between the messengers and the adjoints. The
Dirac gaugino masses and the adjoint masses are then both generated at one-loop by
messengers that have soft supersymmetry breaking as shifts in the scalar masses by
the D-terms given by LMessD .
mbD =
1√
2
gbtr(λ
(ab)eˆ(a)Yˆ )
∑
i
I(M (a)mess,D) (3.3)
where we have defined
I ≡ 2
(4pi)2
D
M
(a)
mess
[(1− D
(M
(a)
mess)2
) log(1− D
(M
(a)
mess)2
) + (1 + D
(M
(a)
mess)2
) log(1 + D
(M
(a)
mess)2
)
D2/(M
(a)
mess)4
]
=
2
(4pi)2
D
M
(a)
mess
[
1 +O
(
D2
(M
(a)
mess)4
)]
.
(3.4)
The masses for the adjoint scalars Σ are given by [12]
−L ⊃m2Σ2δtr(Σ†Σ) +
1
2
BΣ2
δtr(Σ2 + (Σ†)2)
m2Σ =2
−δ 1
96pi2
D2
M2mess
tr
(
[eˆ, λ]([eˆ, λ])†
)
+ 2−δ
3D
64pi2
tr(eˆ[λ, λ†])
BΣ =− 2× 2−δ 1
96pi2
D2
M2mess
tr
(
2λ2eˆ2 + λeˆλeˆ
)
(3.5)
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where δ is 1 for SU(N) and 0 for U(1).
The real and imaginary components Σ comprise the propagating degrees of free-
dom; writing Σ ≡ 1√
2
(ΣP + iΣM ), we have
− L ⊃ 2δtr
(
1
2
(m2 +B)Σ2P +
1
2
(m2 −B)Σ2M
)
, (3.6)
and thus the physical masses are m2ΣP ,m
2
ΣM
= m2Σ ±BΣ.
The lowest order in D/M2mess sfermion masses are generated at three loops
m2
f˜
=
3∑
b=1
Cb
f˜
(mbD)
2αb
pi
log
(
m
(b)
ΣP
mbD
)2
, (3.7)
where Cb
f˜
is the quadratic Casimir of the field f under group b, equal to Y 2(f) for
U(1)Y , and
N2−1
2N for SU(N). The above represents integrating out the adjoint fields,
and so should be performed at low energies rather than the messenger scale. In a pure
D-term breaking scenario, this leaves the sfermions to be the lightest states, providing
the next to lightest supersymmetric particle (NLSP), the lightest being the (Dirac)
gravitino. Model building in this way is then constrained by the low mass for the
selectron due to the weakness of the hypercharge at low energies.
3.2 F -terms
The Dirac gaugino masses are generated at one-loop and can be expressed to leading
order in F as:
mbD =
gb√
2
1
16pi2
|F |2
6(M
(a)
Mess)
3
tr(IbQiaλ[κ, κ
†]), (3.8)
where IbQia is the Dynkin index of the messengers Qia under group b, equal to 1/2 for
fundamental-antifundamental SU(N) messengers and Y 2 for U(1) pairs.
The soft masses for this model are given at two loops by
m2
f˜
= 2
3∑
b=1
Cb
f˜
(αb
4pi
)2
(Λ
(ab)
S )
2 (3.9)
where
(Λ
(ab)
S )
2 =
|F |2
(M
(a)
mess)2
tr(2IbQiaκκ
†). (3.10)
The adjoint masses are given by [12]
m2Σ =2
−δ 1
16pi2
F †F
M2mess
1
6
tr
(
2[λ, λ†][κ, κ†] + [λ, κ]([λ, κ])†
)
BΣ =− 2× 2−δ 1
16pi2
F †F
M2mess
× 1
6
tr
(
κ†(κλ2 + λκλ+ λ2κ)
)
(3.11)
where as before δ is 1 for SU(N) and 0 for U(1).
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The chief drawback of a pure R-symmetric F -term is clear from an operator anal-
ysis or equation (3.8); the lowest order Dirac masses are of second order in F , and
therefore can only be acceptably large for a low messenger scale. In which case,
the couplings will typically not unify in a perturbative regime. Hence to alleviate
this problem, and the converse problem of small selectron masses for pure D-term
breaking, for our model-building efforts we shall consider a combination of D- and
F-terms.
3.3 Summary
To allow Dirac gaugino masses generated at the leading order in the supersymmetry
breaking parameter, and sufficiently heavy selectrons, we shall consider a combination
of D- and F -term breaking, with bothD- and F -terms comparable. This can be easily
realised, for example, in the context of semi-direct gauge mediation [21]. This will
generate a spectrum with masses of generic order of magnitude
• Gaugino masses ∼ λg
16pi2
D
Mmess
• Sfermion masses ∼ g2
16pi2
F
Mmess
• Adjoint scalar masses ∼ λ4pi DMmess , λ4pi FMmess .
Thus we expect the adjoint scalars to be the most massive states.
4 Model building constraints
4.1 No leading order Majorana masses
The first condition we impose is that the messenger superpotential does not break
R-symmetry inducing then a Majorana gaugino mass at leading order. The latter is
of the form:
mrλλ =
αr
4pi
F
Mmess
tr(κ). (4.1)
whose absence implies:
tr(κ) = 0 (4.2)
This is independent of the adjoints, although if we have R-symmetry violating cou-
plings in λ we expect subleading Majorana masses at higher loop order. However, we
expect them to contribute directly instead to the mass term 12MΣ χχ; note that this
mass corresponds to the operator
L ⊃
∫
d4θ
X†
2M
Σ2 + h.c.→
∫
d2θ
F †
M
1
2
Σ2 + h.c. (4.3)
i.e. it is generated via the Giudice-Masiero mechanism [22] and can be written as a
supersymmetric mass term.
MΣ =
1
16pi2
F †
Mmess
tr(κ†λ2) (4.4)
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at leading order. Thus, we require:
tr(κ†λ2) = 0. (4.5)
4.2 No large D term contribution to Soft Masses
Kinetic mixing leads to a hypercharge D term and thus a contribution to the soft
masses. Integrating out messengers at a scale Λ we find the holomorphic kinetic
mixing χh given by
χh(Λ) = − 1
8pi2
tr
(
QQ′ logM/Λ
)
(4.6)
assuming there are no massless states charged under both gauge groups. The term in
the Lagrangian is
L ⊃
∫
d2θ − 1
2
χWαW ′α + c.c ⊃ −
1
2
DD′(χ+ χ). (4.7)
This is to be compared to
∫
d4θ2ξV ⊃ −ξD, giving ξ = 12D′(χ+χ). Since the mixing
that should appear is the physical one [14], we have corrections to the sfermion masses
∆m2
f˜
given by
∆m2
f˜
= g2Y Yfξ
= −g3Y Yfg′D′
[
ℜ(χh) + 1
8pi2
tr
(
QQ′ logZ
)]
= −g3Y Yfg′D′
1
16pi2
tr
(
QQ′ log |M|2/Λ2
)
. (4.8)
This yields
∆m2
f˜
= −g3Y Yfg′D′
1
8pi2
∑
r
2tr(eˆYˆ ) logM r/Λ. (4.9)
This is a potentially extremely dangerous term, and we must therefore ensure that
tr(eˆYˆ ) = 0 (4.10)
for each set of messengers separately.
4.3 No large tadpole terms for the adjoint scalars
In addition the absence of tachyons for the adjoint scalars, we also require the absence
of linear couplings (D2, F 2)× (Σ + Σ†). The term in the Ka¨hler potential for the F -
term spurion is
K ⊃ − |X|
2
32pi2Mmess
[
Σtr(λ{κ, κ†}) + Σ†tr(λ{κ, κ†})
]
(4.11)
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and thus the dangerous terms in the potential are
V ⊃ |F |
2
32pi2Mmess
[
Σtr(λ{κ, κ†}) + Σ†tr(λ†{κ, κ†})
]
+
D2
16pi2Mmess
tr(Σλeˆ2 +Σ†λ†eˆ2). (4.12)
Since the mass terms are O(λ2F 2/Mmess), these linear terms would lead to a vev for
the U(1) adjoint of O(Mmess/λ), and thus since the U(1) adjoint couples to all of the
messengers the above must always be zero. We cannot hope to have cancellations
between the terms, since this would require extreme fine tuning of the parameters;
we must impose
tr(λ{κ, κ†}) = 0
tr(λeˆ2) = 0. (4.13)
The latter condition implies that
tr(λ) = 0 or eˆ2 = 0. (4.14)
4.4 Summary
In summary, the following constraints must be applied to all matrices:
tr(κ) =0
tr(κ†λ2) =0
tr(eˆYˆ ) =0
tr(λ{κ, κ†}) =0
tr(λeˆ2) =0. (4.15)
Moreover, to give leading order Dirac gaugino masses via D-terms, we require
tr(λeˆ) 6= 0. (4.16)
This must always apply to the SU(2) and SU(3) couplings, but since the singlet
adjoint may couple to any set of messengers this constraint is less restrictive in that
case.
We must also avoid tachyonic scalars (at least for the SU(2) and SU(3) adjoints)
and thus we require m2Σ ≥ BΣ, which constrains the coupling matrices via equations
(3.5) and (3.11).
5 Renormalisation
Running the parameters of a theory from a high energy scale down to low energies
can have a profound effect upon their values; it is thus important to consider how all
the parameters in the theory run. In this work we present the renormalisation group
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equations for our model to one loop order, postponing the extension to two loops
for future work. In this section we consider first the messenger couplings, then the
superpotential couplings, and finally the soft parameters. We give here the RGEs in
their simplest practical form, with third-generation dominant running and assuming
an R-symmetry that is only broken by an explicit Bµ term; the subsequent running
does not generate A terms or Majorana masses at one loop order. The general RGEs
allowing Majorana masses and three-generation running are presented in appendix A.
5.1 Running Messenger Couplings
Recalling the couplings between the adjoints and the messengers
W ⊃ λ(ab)
ij
tr(QiaΣbQ˜ja) (5.1)
we must take into account that these run; the RGE for this coupling is
16pi2
dλ
(ab)
ij˜
dt
=λ
(ab)
ij˜
[∑
c
IbQictr(λ
(cb)(λ(cb))†)− 2g2b [2CbQia + CbGb ]
+
1
2
∑
mn
Y ΣbmnYΣbmn
]
+
∑
c
CcQia
[
λ(ac)(λ(ac))†λ(ab) + λ(ab)λ(ac)(λ(ac))†
]
, (5.2)
where Cb
Gb
is the Casimir of the group Gb (so N for SU(N)), and the term
1
2
∑
mn Y
ΣbmnYΣbmn is summing over all additional couplings of the adjoints (we are
necessarily neglecting any hidden-sector couplings of the messengers). Clearly the
terms λλ†λ can mix the components; other than the obvious aesthetic defect that
this causes, the change of the relative size of the entries in this matrix would be very
dangerous in allowing terms such as adjoint singlet tadpoles or hypercharge D-terms
to be generated, even if we had chosen the couplings to avoid this at one loop - we
can see this since the renormalisation of the messenger mass matrix is
d
dt
M
(a)ij˜
Mess =
∑
b
CbQia
16pi2
[λ(ab)(λ(ab))†M (a)Mess +M
(a)
Messλ
(ab)(λ(ab))† − 4g2bM (a)Mess]ij˜ . (5.3)
However, if we choose λ
(ab)
ij
to be proportional to a unitary matrix, or zero, then
mass splittings can be avoided; suppose we split the couplings into block-diagonal
segments λ
(ab)
ij
= yk(ab)u
k
(ab)ij
, with tr(uk(ab)(u
l
(ab))
†) ≡ δklNk(ab), uk(ab)(ul(ab))† ≡ δklη(ab)k,
with η(ab)k equal to zero or one. Then the RGEs become
16pi2
d log yk(ab)
dt
=− 2g2b [2CbQia +CbGb ] +
1
2
∑
mn
tr(Y ΣbmnYΣbmn)
+
∑
c
2CcQiaη(ac)k(y
k
(ac))
2 +
∑
d
∑
l
IbQidN
l
(db)(y
l
(db))
2. (5.4)
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5.2 Supersymmetric Couplings
As the Higgs doublets have new superpotential couplings to the DG-adjoints, the
Yukawa couplings yt, yb, yτ of the top, bottom and tau fermions become:
d
dt
yt =
yt
16pi2
[
λ2S + 3λ
2
T + 6|yt|2 + |yb|2 −
16
3
g23 − 3g22 −
13
9
g2Y
]
d
dt
yb =
yb
16pi2
[
λ2S + 3λ
2
T + 6|yb|2 + |yt|2 + |yτ |2 −
16
3
g23 − 3g22 −
7
9
g2Y
]
d
dt
yτ =
yτ
16pi2
[
λ2S + 3λ
2
T + 4|yτ |2 + 3|yb|2 − 3g22 − 3g2Y
]
(5.5)
The running of the couplings of the Higgs to the adjoints is given by
16pi2
d log λS
dt
=− g2Y − 3g22 + 4λ2S + 6λ2T + 3|yt|2 + 3|yb|2 + |yτ |2
+
∑
c
∑
l
Y 2c N
l
(cY )(y
l
(cY ))
2
16pi2
d log λT
dt
=− g2Y − 7g22 + 2λ2S + 8λ2T + 3|yt|2 + 3|yb|2 + |yτ |2
+
∑
c
∑
l
I2QicN
l
(c2)(y
l
(c2))
2. (5.6)
5.3 Soft Parameters with Dirac Gaugino Masses
As discussed in section 2, the presence of adjoint superfields allows the generation of
non-standard soft supersymmetry breaking terms, which modify the renormalisation
group equations. General nonstandard soft terms greatly complicate the renormali-
sation group equations, as independent r parameters introduce a very large number
of new equations; the RGEs for generic models allowing such terms are presented
in [17,18]. However, in our model, since supersymmetry is broken spontaneously and
only has nonstandard terms arising from a superpotential coupling the relation (2.26)
is obeyed even under renormalisation group running; we thus do not give independent
renormalisation group equations for these parameters. Moreover, the supersoft nature
of such operators allows their impact upon the RGEs for the standard soft terms to be
easily determined through substitution m2
Σb
→ m2
Σb
− 2m2bD and BΣb → BΣb − 2m2bD
in the equations for standard soft supersymmetry breaking terms [18].
The equation for the tadpole term is given by
d
dt
tS =
1
16pi2
[
2λ2St
S + 4λSµ(m
2
Hd
+m2Hu) + 2
√
2gYm1DTr(Y m
2)
]
. (5.7)
The Dirac gaugino masses run as:
d
dt
m1D =
m1D
16pi2
[
11g2Y + 2λ
2
S
]
d
dt
m2D =
m2D
16pi2
[
− g22 + 2λ2T
]
d
dt
m3D = −m3D
16pi2
× 6g23 . (5.8)
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The adjoint scalar mass equations are:
d
dt
m2S =
1
16pi2
[
4λ2S [m
2
Hu +m
2
Hd
+m2S ] + 44g
2
Ym
2
1D
]
d
dt
m2T =
1
16pi2
[
4λ2T [m
2
Hu +m
2
Hd
+m2T ]− 4g22m22D
]
d
dt
m2O =
1
16pi2
[
− 24g23m23D
]
d
dt
BS =
1
16pi2
[
4λ2SBS + 44g
2
Ym
2
1D
]
d
dt
BT =
1
16pi2
[
4λ2TBT − 8g22BT + 12g22m22D
]
d
dt
BO =
1
16pi2
[
− 12g23BO
]
(5.9)
The soft terms for the Higgs run as
16pi2
d
dt
m2Hu =6|yt|2[m2Q3 +m2U3 +m2Hu ]
+ 2λ2S [m
2
Hu +m
2
S +m
2
Hd
] + 6λ2T [m
2
Hu +m
2
T +m
2
Hd
]
+ g2Y Tr(Ym
2)
− 4λ2Sm2D1 − 12λ2Tm2D2
16pi2
d
dt
m2Hd =6|yb|2[m2Q3 +m2D3 +m2Hd ]
+ 2|yτ |2[m2L3 +m2E3 +m2Hd ]
+ 2λ2S [m
2
Hu +m
2
S +m
2
Hd
] + 6λ2T [m
2
Hu +m
2
T +m
2
Hd
]
− g2Y Tr(Ym2)
− 4λ2Sm2D1 − 12λ2Tm2D2
16pi2
d
dt
Bµ =Bµ[3|yt|2 + 3|yb|2 + |yτ |2 − 3g22 − y2Y ]
+ 2Bµλ
2
S + 6Bµλ
2
T (5.10)
Defining as usual
Xt ≡2|yt|2(m2Hu +m2Q3 +m2U3)
Xb ≡2|yb|2(m2Hd +m2Q3 +m2D3)
Xτ ≡2|yτ |2(m2Hd +m2L3 +m2E3) (5.11)
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we have the sfermion mass equations
16pi2
d
dt
m2Q3 =Xt +Xb +
1
3
g2Y Tr(Y m
2)
16pi2
d
dt
m2U3 =2Xt −
4
3
g2Y Tr(Y m
2)
16pi2
d
dt
m2D3 =2Xb +
2
3
g2Y Tr(Ym
2)
16pi2
d
dt
m2L3 =Xτ − g2Y Tr(Ym2)
16pi2
d
dt
m2E3 =2Xτ + 2g
2
Y Tr(Y m
2). (5.12)
6 Achieving unification of gauge couplings
We require that the gauge couplings remain perturbative up to a high scale, MU , the
unification scale, to keep calculability in the whole energy range. Unification is as-
sumed to appear as a relation existing between the gauge couplings at MU reflecting
the way the gauge interactions are unified in the considered framework. We shall con-
sider the peculiar equality predicted in Grand Unified Theories, with a normalization
of the hypercharge U(1)Y corresponding to an SU(5) embedding. Other possibilities
exist such as equality up to integer multiplicative factors, the Kac-Moody levels, in
perturbative heterotic strings, but these shall not be considered here.
The introduction of adjoint superfields at a low energy scale requires additional
states introduced at an intermediate scale in order to preserve unification. We
would then like to be able to identify these states as messengers of gauge media-
tion of supersymmetry breaking. This excludes many possible set of states such as
the “bachelor field” examples discussed in [7], including embedding the adjoints in
24 = (8, 1)0 + (1,3)0 + (1,1)0 + (3,2)−5/6 + (3,2)5/6 of SU(5); without introducing
R-symmetry breaking supersymmetric adjoint masses these lead to tachyonic adjoint
scalars.
As input, we take the data at the electroweak scale:
mZ = 91.18 GeV, αem(mZ) =
1
127.9
, sin2 θw(mZ) = 0.231
α1
k1
≡ αY = αem
cos2 θw
, α2 =
αem
sin2 θw
, and α3(mZ) = 0.1187 (6.1)
the running quantities being defined in the M¯S scheme. In the MSSM, at leading
order, neglecting running between mZ and the supersymmetric soft masses average
mass scale, the gauge couplings run as
1
αi(µ)
=
1
αi(M)
− bi
2pi
log µ/M +∆i (6.2)
where the beta function coefficients are bi = (−3, 1, 11/k1). Here we have left the
normalization of the hypercharge U(1)Y arbitrary, labeled by k1. For k1 = 5/3 which
corresponds to embedding in SU(5), this is compatible with unification at a scale
MU ∼ 3 · 1016GeV and a coupling αU ∼ 1/24.
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For the Dirac gaugino masses to be relevant, the masses of the DG-adjoint are
to be quite light. Thus, they contribute to the running of the gauge coupling all the
way up to the unification scale. In fact, the inclusion of the DG-adjoints modifies the
beta function coefficients of SU(2) and SU(3) b20 and b30 respectively, and unless new
states are also present unification is lost. The set of new fields is taken to have the
smallest contribution to the running, and thus fall into fundamental representations;
to be vector-like to allow arbitrary masses; to come in more than one pair for each
group to allow the use as messengers for generating Dirac gaugino masses without
tachyonic adjoint scalars. This set is parametrized as n1 pairs of multiplets [(1, 1)y1 +
(1, 1)−y1 ] with mass m1 , n2 pairs of multiplets [(1, 2)y2 +(1, 2)−y2 ] with mass m2 and
n3 pairs of multiplets [(3, 1)y3 + (3, 1)−y3 ] with mass m3, where the numbers between
parenthesis are the SU(3) and SU(2) quantum numbers respectively, and yi are the
associated hypercharges. In order to keep the couplings perturbative up to very high
energies, the numbers n1, n2, n3 are to be small, and the masses mi large. We will
consider for instance the case mZ < m3,m2,m1 < µ, and the couplings at the scale
µ are related to the ones at mZ by the relations:
1
α1(µ)
=
1
k1αY (mZ)
− b10
2pi
log
[
µ
mZ
]
− b13
2pi
log
[
µ
m3
]
− b12
2pi
log
[
µ
m2
]
− b11
2pi
log
[
µ
m1
]
1
α2(µ)
=
1
α2(mZ)
− b20
2pi
log
[
m2
mZ
]
− b21
2pi
log
[
µ
m2
]
1
α3(µ)
=
1
α3(mZ)
− b30
2pi
log
[
m3
mZ
]
− b31
2pi
log
[
µ
m3
]
(6.3)
where the beta function coefficients are given by
b10 = 11/k1 b20 = 1 + 2 = 3 b30 = −3 + 3 = 0
b13 = (6n3y3
2)/k1 b12 = (4n2y2
2)/k1 b11 = (2n1y1
2)/k1
b21 = b20 + n2 b31 = b30 + n3 (6.4)
As stated above, we choose k1 = 5/3, and require equality of the gauge couplings
α1 = α2 = α3 = αU at MU . There many possible sets that lead to this unification,
but we are interested in those with a minimal additional states, and for this paper a
unification scale close to the heterotic string prefered value of order ∼ 2√αU · 1018
GeV, as that will mean also unification with the gravitational interactions. We shall
keep a minimal spread of the masses of the messengers.
The smallest value of αU is obtained when no coloured state is added. Without
doublets, the SU(2) and SU(3) couplings meet at energies above 1018GeV. Including
the minimal number of triplets to generate the required masses for the SU(3) DG-
adjoints, one can find different solutions. For instance, we choose
4× [(1, 1)1 + (1, 1)−1] at m1 = 3 1012GeV
4× [(1, 2)1/2 + (1, 1)−1/2] at m2 = 1.3 1013GeV
2× [(3, 1)1/3 + (3, 1)−1/3] at m3 = 1013GeV
MU ∼ 9.9 · 1017GeV α−1U ∼ 4.77 (6.5)
where we have a set of unifying scale and coupling in agreement with the heterotic
string leading order prediction. The small mass splitting allows perfect equality of
couplings at the GUT scale; this splitting could be due to running effects or echanged
for threshold corrections.
7 Model Building
7.1 Avoiding tachyonic adjoint scalars, part II
As can be seen from equation (5.9), the strong coupling amplifies the BO term much
more than the mO term, and so we find on running from a high messenger scale that
unless BO is much smaller than m
2
O (for the messenger masses that we shall consider
for explicit models below, at least a factor of ten is required) the octet adjoints become
tachyonic at low energies. We can however solve this problem by judicious choice of
the adjoint-messenger coupling matrix uO; a particular class of choices
u = V(x, θ) ≡ 1√
4x2 − 2
(
1 + ix eiθ
√
3(x2 − 1)
e−iθ
√
3(x2 − 1) −1 + ix
)
. (7.1)
Here x2 > 1 is a real number and θ is a phase, which may be chosen to be zero. Note
that this generates a real mass for both the gauginos and the adjoints; the adjoint
mass is
V ⊃ 2−δ D
2
M2mess
y2
32pi2
8
(
x2 − 1
2x2 − 1
)
Σa(Σa)∗, (7.2)
i.e. BΣ = 0 (recall δ = 1 for SU(N), 0 for U(1) adjoints). Since there is no mass
generated for the operator (Σa)2, we will not generate a tachyon upon running to low
energies.
Note that the requirement of absence of tadpoles for the singlet scalar means that,
if we wish to generate Dirac masses for the Bino, the singlet chiral superfield must
have different couplings to the messengers. A form of particular interest is
u = U(x) ≡ 1√
1 + x2
(
1 ix
−ix −1
)
, (7.3)
where x is again a real parameter. This has a unitary structure, will generate Dirac
gaugino masses and is traceless - so will not generate tadpoles. The adjoint scalar
masses generated by D-terms are [12]:
V ⊃ |y|
2D2
32pi2M2mess
2
3
(
4x2
1 + x2
|S|2 − 3 + x
2
1 + x2
(S2 + S
2
)
)
m2S =
|y|2D2
16pi2M2mess
1
3
4x2
1 + x2
BS =− |y|
2D2
16pi2M2mess
2
3
3 + x2
1 + x2
(7.4)
and thus
m2SP ,M =
|y|2D2
24pi2M2mess
2x2 ∓ (x2 + 3)
1 + x2
. (7.5)
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7.2 Explicit Models
Here we finally assemble the ingredients in the previous sections to present some
explicit models of gauge mediation with Dirac gauginos and unified gauge couplings.
We shall take three sets of messenger superfield pairs Qia, Q˜ja, as given in table 1, in
representations of SU(3) × SU(2) × U(1)Y as follows: 2 × [(3,1,−1/3), (3¯,1,1/3)]
at mass M
(3)
Mess = 10
13 GeV; 4× [(1,2,1/2), (1, 2¯,−1/2)] at mass M (2)Mess = 1.3× 1013
GeV and 4 × [(1,1,1), (1,1,−1)] at mass M (1)Mess = 3 × 1012 GeV. These masses are
defined to be their values at the messenger scale.
Our specific choice matrices for the couplings of the adjoints to the messengers
W ⊃ λ(ab)
ij
(QiaΣ
bQ˜
ja
) is
λ(S1) =0
λ(S2) =yS2 diag(U(xU ), 0)
λ(S3) =− yS3 U(xU )
λ(T2) =
(
y
(1)
T V(xV , 0) 0
0 y
(2)
T σ3
)
λ(O3) =yOV(xV , 0), (7.6)
i.e. the Qi1 messengers do not couple to the adjoints, and the Qi2 messengers are
split into two blocks of two; we shall set y
(1)
T = y
(2)
T at the GUT scale (although they
do acquire small differences at the messenger scale).
The couplings to the F - and D-terms are given by
κ(1) =diag(σ+, σ+)
κ(2) =diag(0, σ+)
κ(3) =0
eˆ(1) =0
eˆ(2) =diag(σ3, 0)
eˆ(3) =σ3 (7.7)
where σ+ =
(
0 1
0 0
)
, σ3 =
(
1 0
0 −1
)
are the usual Pauli matrices. This frame-
work then allows the generation of a large variety of spectra; we illustrate for three
cases in tables 2 and 3. In each case, there is some unification of the new couplings.
λS/λT =
√
3/5, yS2/yS3 = 3/2 in all three models, although λS , λT are smaller than
the N = 2 value (
√
2g(MGUT )) in each case. In models I and II further y2/y3 = 1 at
the GUT scale, and furthermore in model II all the messenger couplings unify at the
“N=2” values (of course, they do not fall into true N = 2 hypermultiplets since the
couplings are not diagonal). The first two models have a relatively small Bµ term,
model II having also a small µ-term. The chief virtue of model I is a light bino, but
if the gravitino is the LSP (i.e. if SUSY-breaking gravity effects are not sufficiently
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sequestered) then the wino may be too light; the other two models evade this restric-
tion. Model III has light octet scalars which could provide interesting signatures at
the LHC [23].
Model-I Model-II Model-III
Parameter Input
F (GeV2) 7.5× 1017 5.5× 1017 1.3× 1018
D(GeV2) 7.5× 1017 5.5× 1017 1.1× 1018
xU 2 1.9 2
xV 1.5 1.1 1
yS1 0 0 0
yS2 0.317 0.709 0.224
yS3 0.211 0.473 0.149
yT 0.819 1.83 0.549
yO 0.819 1.83 0.142
input output input output input output
yt 0.32 0.993 0.315 0.991 0.33 0.991
yb 0.16 0.691 0.158 0.688 0.165 0.693
yτ 0.2 0.295 0.193 0.288 0.206 0.297
λS 0.0868 0.0767 0.0993 0.0769 0.123 0.106
λT 0.112 0.152 0.128 0.113 0.129 0.223
µ(GeV) 310 296 101 98 330 301
Bµ(GeV
2) -4490 -4320 -2209 -2180 -18200 -16400
Output
tanβ 28.7 28.6 28.8
∆ρ 2.18× 10−6 7.67× 10−5 0.000525
αY 0.0105
α2 0.0332
α3 0.092
Table 2: Model parameters.
8 Conclusions
On one hand, achieving unification of gauge couplings is a very easy task, once new
representations at intermediate scales are allowed. On the other hand, it is also quite
easy to use gauge mediation to construct models with (pseudo)-Dirac gauginos using
the results of [12]. There, it was shown how one can select sets of messengers and
the associated superpotential that lead at the messenger scale to consistent models
with Dirac gauginos. However, the combination of the two features is not obvious.
A tension appears due to the fact that, in order to generate sizable Dirac gaugino
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Field Model− I Model− II Model− III
mD1 127 134 161
mD2 217 308 472
mD3 1190 1710 828
SP 1350 1100 1720
SM 5320 5370 6770
TP 3590 2190 1190
TM 5890 4910 6500
OP 5870 4020 1090
OM 5870 4020 1090
Q3 523 508 442
Q1,2 617 554 791
U3 656 583 810
U1,2 786 657 1160
D3 477 469 369
D1,2 535 504 587
L3 623 459 1070
L1,2 652 480 1130
E3 956 703 1650
E1,2 995 730 1720
Hu 308 i 127 i 311 i
Hd 198 237 621
A 352 250 689
h 117 115 117
H 351 248 692
Table 3: Low energy soft masses in GeV, with the exception that A, h and H are the
physical Pseudoscalar, lightest scalar and heavy scalar Higgs masses respectively.
masses, one needs many messengers with low masses which tend to drive the gauge
couplings quickly to become non-perturbative. Nevertheless, we have discussed how
such models can be constructed and have exhibited a few examples with explicit
spectra at the electroweak scale.
In meeting this challenge, we have derived the set of constraints that need to be
satisfied. We have made use of simultaneous contributions of R-symmetric F and
D terms. We have also found that the solution to the problem of tachyonic scalar
adjoints of [12] (see also the example in [11]) is not sufficient. The positive squared
mass generated at the messenger scale can be driven again to negative values at low
energies by the renormalisation effects, in particular for the strongly coupled sgluons.
We have solved this by a particular class of choices of messenger couplings that forbids
the appearance of the superpotential contribution for their masses at one-loop, and as
a result we have obtained degenerate masses for the real and imaginary components.
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While we have derived a few examples, a scan of the space of parameters needs to be
performed in order to study the main features of the models. For example, we expect
that a lower messenger scale would ameliorate this problem somewhat and allow a
larger range of messenger couplings.
To go further, an important problem remains to be addressed. All our deriva-
tions of soft masses have an R-symmetric origin which protects against generation of
Majorana gaugino masses. The model would have been R-symmetric if not for the
Higgs sector. A successful electroweak symmetry breaking, with a Higgs mass above
the LEP limit, dictates the scale of R-symmetry breaking; in deriving our explicit
models, we have taken µ and Bµ as parameters with values that satisfy the Higgs
constraints. This procedure is common in models studying gauge mediation. How-
ever, in our case, it is even more important to understand the possible origin of such
terms and to show that they do not induce a large contribution to Majorana gaugino
masses. This question is under investigation.
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A RGEs
We present here the full three-family RGEs below the messenger scale, allowing both
Dirac and Majorana gaugino masses, with MSSM Bµ and A terms, supersymmetric
adjoint masses, and AS , AT , κS , AκS nonzero.
The equation for the tadpole term is given by
16pi2
d
dt
tS =(2λ2S + 2|κS |2)tS + 2
√
2gYm1DTr(Y m
2) + 4λSµ(m
2
Hd
+m2Hu) (A.1)
+ 4MSλSBµ + 2κ
∗
SMSBS + 4κSm
2
SM
∗
S + 4λSASBµ + 2κSAκSB
∗
S .
The Yukawa couplings of the top, bottom and tau fermions (conventions given in
equation 2.10) become:
16pi2
d
dt
YU =
[
λ2S + 3λ
2
T + 3YUY
†
U + 3tr(Y
†
UYU ) + YDY
†
D −
16
3
g23 − 3g22 −
13
9
g2Y
]
YU
16pi2
d
dt
YD =
[
λ2S + 3λ
2
T + 3YDY
†
D + 3tr(Y
†
DYD)
+ YUY
†
U + tr(YEY
†
E)−
16
3
g23 − 3g22 −
7
9
g2Y
]
YD
16pi2
d
dt
YE =
[
λ2S + 3λ
2
T + 3YEY
†
E + tr(YEY
†
E) + 3tr(YDY
†
D)− 3g22 − 3g2Y
]
YE (A.2)
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The running of the new couplings λS , λT are
16pi2
d
dt
λS =λS
[
4λ2S + 6λ
2
T + 2|κS |2 + 3tr(YUY †U ) + 3tr(YDY †D) + tr(YEY †E)− g2Y − 3g22
]
16pi2
d
dt
λT =λT
[
2λ2S + 8λ
2
T + 3tr(YUY
†
U ) + 3tr(YDY
†
D) + tr(YEY
†
E)− g2Y − 7g22
]
16pi2
d
dt
κS =κS
[
6λ2S + 6|κS |2
]
. (A.3)
The Dirac gaugino masses run as:
d
dt
m1D =
m1D
16pi2
[
11g2Y + 2λ
2
S + 2|κS |2
]
d
dt
m2D =
m2D
16pi2
[
− g22 + 2λ2T
]
d
dt
m3D = −m3D
16pi2
× 6g23 . (A.4)
The adjoint fermion masses run as
d
dt
MS =
MS
16pi2
[
4λ2S + 4κ
2
S
]
d
dt
MT =
MT
16pi2
[
4λ2T − 8g22
]
d
dt
MO =
MO
16pi2
× (−6)g23 . (A.5)
The adjoint scalar mass equations are:
16pi2
d
dt
m2S =4λ
2
S [m
2
Hu +m
2
Hd
+m2S] + 44g
2
Ym
2
1D + 16κ
2
Sm
2
S − 16κ2Sm21D
+ 4|AS |2λ2S + 4κ2S |AκS |2
16pi2
d
dt
m2T =4λ
2
T [m
2
Hu +m
2
Hd
+m2T ]− 4g22m22D − 16g22 |M2|2 + 4|AT |2λ2T
16pi2
d
dt
m2O =− 24g23m23D − 24g23 |M3|2
16pi2
d
dt
BS =(4λ
2
S + 4|κS |2)BS + 44g2Ym21D + 8λ2SASMS + 8|κS |2AκSMS
16pi2
d
dt
BT =(4λ
2
T − 8g22)BT + 12g22m22D + 8λ2TATMT + 16g22MTM2
16pi2
d
dt
BO =− 12g23BO + 24g23MOM3. (A.6)
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The Higgs masses run as
16pi2
d
dt
m2Hu =6tr(YUY
†
U )m
2
Hu + 6tr(Y
†
Um
2
QYU + YUm
2
UY
†
U )
+ 2λ2S [m
2
Hu +m
2
S +m
2
Hd
] + 6λ2T [m
2
Hu +m
2
T +m
2
Hd
]
+ g2Y Tr(Ym
2)
− 4λ2Sm2D1 − 12λ2Tm2D2
+ 6tr(AUA
†
U ) + 2|AS |2λ2S + 6|AT |2λ2T − 2g2Y |M1|2 − 6g22 |M2|2
16pi2
d
dt
m2Hd =6tr(YDY
†
D)m
2
Hd
+ 6tr(Y †Dm
2
QYD + YDm
2
DY
†
D)
+ 2tr(YEY
†
E)m
2
Hd
+ 2tr(Y †Em
2
LYE + YEm
2
EY
†
E)
+ 2λ2S [m
2
Hu +m
2
S +m
2
Hd
] + 6λ2T [m
2
Hu +m
2
T +m
2
Hd
]
− g2Y Tr(Ym2)
− 4λ2Sm2D1 − 12λ2Tm2D2
+ 6tr(ADA
†
D) + 2tr(AEA
†
E) + 2|AS |2λ2S + 6|AT |2λ2T
− 2g2Y |M1|2 − 6g22 |M2|2
16pi2
d
dt
Bµ =Bµ[3tr(YUY
†
U) + 3tr(YDY
†
D) + tr(YEY
†
E)− 3g22 − y2Y ]
+ µ tr(6AUY
†
U + 6ADY
†
D + 2AEY
†
E) + 4λ
2
SASµ+ 12λ
2
TATµ
+ 2Bµλ
2
S + 6Bµλ
2
T + 2g
2
YM1µ+ 6g
2
2M2µ (A.7)
The MSSM sfermion equations are identical to the MSSM ones:
16pi2
d
dt
m2Q =(YUY
†
Um
2
Q) + (m
2
QYUY
†
U) + 2(YUm
2
UY
†
U ) + 2(YUY
†
U )m
2
Hu
+ (YDY
†
Dm
2
Q) + (m
2
QYDY
†
D) + 2(YDm
2
DY
†
D) + 2(YDY
†
D)m
2
Hd
+
1
3
g2Y Tr(Y m
2)− g
2
Y
9
|M1|2 − 6g22 |M2|2 −
32
3
|M3|2 + 2AUA†U + 2ADA†D
16pi2
d
dt
m2U =2(Y
†
UYUm
2
U) + 2(m
2
UY
†
UYU ) + 4(Y
†
Um
2
QYU ) + 4(Y
†
UYU )m
2
Hu
− 4
3
g2Y Tr(Y m
2)− 32g
2
Y
9
|M1|2 − 32
3
|M3|2 + 4A†UAU
16pi2
d
dt
m2D =2(Y
†
DYDm
2
D) + 2(m
2
DY
†
DYD) + 4(Y
†
Dm
2
QYD) + 4(Y
†
DYD)m
2
Hd
+
2
3
g2Y Tr(Y m
2)− 8g
2
Y
9
|M1|2 − 32
3
|M3|2 + 4A†DAD
16pi2
d
dt
m2L =(YEY
†
Em
2
L) + (m
2
LYEY
†
E) + 2(YEm
2
EY
†
E) + 2(YEY
†
E)m
2
Hd
− g2Y Tr(Ym2)− 2g2Y |M1|2 − 6g22 |M2|2 + 2AEA†E
16pi2
d
dt
m2E =2(Y
†
EYEm
2
E) + 2(m
2
EY
†
EYE) + 4(Y
†
Em
2
LYE) + 4(Y
†
EYE)m
2
Hd
+ 2g2Y Tr(Y m
2)− 8g2Y |M1|2 + 4A†EAE (A.8)
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The MSSM A-terms run as
16pi2
d
dt
AU =(λ
2
S + 3λ
2
T )AU + (2ASλ
2
S + 6ATλ
2
T )YU
+ [4AUY
†
U + 2ADY
†
D + 6tr(AUY
†
U)−
26
9
g2YM1 − 6g22M2 −
32
3
g23M3]YU
+ [YDY
†
D + 5YUY
†
U + 3tr(Y
†
UYU )−
16
3
g23 − 3g22 −
13
9
g2Y ]AU
16pi2
d
dt
AD =(λ
2
S + 3λ
2
T )AD + (2ASλ
2
S + 6ATλ
2
T )YD
+
[
YUY
†
U + 5YDY
†
D + 3tr(YDY
†
D) + tr(YEY
†
E)−
7
9
g2Y − 3g22 −
16
3
g23
]
AD
+
[
2AUY
†
U + 4ADY
†
D + 6tr(ADY
†
D) + 2tr(AEY
†
E)
+
14
9
g2YM1 + 6g
2
2M2 +
32
3
g23M3
]
YD
16pi2
d
dt
AE =(λ
2
S + 3λ
2
T )AE + (2ASλ
2
S + 6ATλ
2
T )YE
+
[
5YEY
†
E + 3tr(YDY
†
D) + tr(YEY
†
E)− 3g2Y − 3g22
]
AE
+
[
4AEY
†
E + 6tr(ADY
†
D) + 2tr(AEY
†
E) + 6g
2
YM1 + 6g
2
2M2
]
YE (A.9)
The new A-terms run as
16pi2
d
dt
AS =6tr(AUY
†
U ) + 6tr(ADY
†
D) + 2tr(AEY
†
E) + 8ASλ
2
S + 12ATλ
2
T
+ 2g2YM1 + 6g
2
2M2 + 4AκSκ
2
S
16pi2
d
dt
AT =6tr(AUY
†
U ) + 6tr(ADY
†
D) + 2tr(AEY
†
E) + 4ASλ
2
S + 16ATλ
2
T
+ 2g2YM1 + 14g
2
2M2
16pi2
d
dt
AκS =12ASλ
2
S + 12κ
2
SAκS . (A.10)
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